This paper describes the electrowetting-on-dielectric (EWOD) actuation of liquid droplets for transportation of micromechanical parts. As dimensions of mechanical parts decrease, surface tension and electrostatic force become dominant compared to gravity force. Recent studies show that these forces can be utilized for actuation of liquid droplets and transportation of micromechanical elements. In this study, behavior of liquid droplet actuated by EWOD on a single substrate is analyzed using a high speed camera. Effects of applied voltage, switching frequency, and volume of the droplet are investigated experimentally. Furthermore, application of EWOD actuation to micro transportation systems is proposed. Surface properties for the conveyer pad are discussed.
Introduction
In MEMS devices, electrostatic force and surface tension are often used for actuation because relative importance of these forces increases as dimensions of mechanical components decrease due to scaling effects. Electrowetting on dielectric (EWOD) actuation of liquid droplets is originated in these forces and recently attracts the considerable attention as a key technology for droplet based digital microfulidics (1) - (3) . The EWOD enables manipulation of discrete droplet on the surface of a planar substrate without any movable components. In addition, recent studies reveal that liquid droplets actuated by EWOD can support and transport micromechanical parts with hydrophobic surfaces (4) . A linear conveyer system (5) and a rotational motor (6) transported by EWOD-actuated water droplets were studied. In this paper, behavior of liquid droplets actuated by EWOD on a single plate was investigated experimentally using a high speed camera. In addition, the surface properties suited for the conveyer pad driven by EWOD actuation was tested.
Principle of EWOD
Most designs of EWOD systems generate droplet motion by sandwiching the droplet between a bottom plate that contains control electrodes and a top plate with ground electrodes. The droplet is electrically grounded and attracted by activated electrodes. However, in our design, only a bottom plate is used to carry a conveyer pad on the droplets. The droplet is on floating potential and no direct contact is established with electrodes. The principle of EWOD on a single substrate is shown in Fig. 1 . The substrate contains array of control electrodes covered with dielectric and hydrophobic layers. When a voltage V is applied between two electrodes below the droplet, lateral electrostatic forces act on the droplet from both sides, which causes deformation and movement of the droplet. This phenomenon is often explained as modification of surface wettability by electric field. The electrostatic forces in both sides are balanced at the midpoint of two electrodes. An equivalent circuit for the electrodes and the conductive liquid droplet is shown in Fig. 1 (b) , which consists of two capacitors C 1 and C 2 connected in series. The electrostatic energy U stored in two capacitors is given by
where S 1 and S 2 are areas of the capacitor electrodes, t is the thickness of the dielectric layer, ε is its relative permittivity, and. ε 0 (= 8.854×10
-12 F/m) is the permittivity of a vacuum.
By substituting eq. (2) into eq. (1), we have
Thus, the total electrostatic force is given by
where x is overlapping length of the droplet and the powered electrode. S' represents the derivative of S with respect to x. Figure 2 shows the variation of electrostatic force with x, when the contact line between the droplet and the substrate is assumed to be a circle with diameter of d. The droplet comes to equilibrium at the center of two electrodes (x/d = 0.5). 
Journal of Advanced Mechanical Design, Systems, and Manufacturing
Vol. 4, No. 1, 2010 If array of the electrodes is fabricated in the substrate and the electrode pitch is smaller than d/2, the droplet can be transported continuously by switching the powered electrode sequentially.
Behavior of Liquid Droplets

Experimental setup
The experimental set up for analyzing the behavior of liquid droplets is schematically illustrated in Fig. 3 . The EWOD device and input signal for the droplet actuation are shown in Fig. 4 . A square wave signal generated by a function generator is divided into 8-phase signals using a pic, amplified to 75-150 volts and applied to the EWOD device. Behavior of a liquid droplet was observed with a high speed camera. The electric potential is applied to three adjacent electrodes simultaneously, and the activated electrodes were shifted sequentially, as shown in Fig. 4 (b) . The size of the electrode is 0.35 mm by 3 mm and the electrode pitch is 0.4 mm.
The EWOD device was fabricated with MEMS techniques. First, 0.3µm-thick chromium layer was sputtered and array of 24 electrodes was patterned using a photolithography process. Then 1µm-thick dielectric layer (parylene C) and 1µm-thick hydrophobic layer (Teflon AF 2400) were coated. Figure 5 shows two possible configurations of the droplet and the powered electrodes observed during the transportation. Figure 5 (a) shows the case where the electrodes in front of the droplet were activated, while Fig. 5 (b) shows the case where the electrodes behind the droplet were activated. It is noted that the droplet is not necessarily transported in the amplifier direction of powered electrodes.
Experimental Results
The liquid droplet is deformed during the actuation. Variation of the center position, length, and width of the droplet during a single step of the transportation are plotted in Fig.  6 . In most cases, the droplet is first elongated and contact angle decreases at the leading edge, as shown in Fig. 6 (a) . Then, contact angles at both leading and trailing edges are balanced when the length of the droplet becomes maximum, followed by shrinkage of the droplet. However, in some cases, leading edge of the droplet is trapped in the groove between two electrodes. Then the trailing edge moves first and the droplet shrinks. After that, the leading edge gets out of the groove and the droplet elongates, as shown in Fig. 6  (b) . The width of the droplet is almost constant during the movement. Moving time for a single step is almost constant regardless of the switching frequency, while the rest time is varied. The droplet follows the input signal up to 150 Hz, which corresponds to the velocity of 60 mm/s. Figure 8 shows the effects of applied voltage. The moving time for one step does not depend on the voltage up to 125V, while elongation of the droplet increases in proportion to the applied voltage, as shown in Fig. 8 (d) . The moving distance in a single step was scattered around the electrode pitch (400 µm). When the applied voltage is 125 V, the dispersion of the moving distance comes to a minimum and the elongation is approximately equal to the electrode pitch. This result suggests that effective actuation is achieved under conditions where the elongation is equal to the electrode pitch. When the voltage is 150 V or more, the elongation is larger than the electrode pitch and the droplet takes two steps at a time. Figure 9 shows the effects of volume of droplet. Moving time for one step is proportional to the volume of droplet, as shown in Fig. 9 (b) . This result shows that a small droplet can follow the control signal at higher switching frequency. Moving distance of one step is scattered around the electrode pitch (400 µm) and the dispersion comes to a minimum at 1.5 µl, where the elongation reaches a maximum value around the electrode pitch. Diameter of the 1.5 µl droplet is 1.7 mm, which is approximately four times as large as the electrode pitch. When the volume is 2.0 µl or more, the droplet does not follow the control signal because the droplet is too large compared to the electrode pitch. 
Conveyer system using the EWOD actuation
The liquid droplet actuated by EWOD can support and transport micromechanical parts with hydrophobic surfaces using repulsive capillary forces (5) (6) . In this study experiments for the rotational conveyer system shown in Fig. 10 were carried out. The conveyor pad is a disk 5 mm in diameter, made of PDMS, and supported on three water droplets rotated by EWOD actuation. The substrate contains eighteen radial electrodes shown in Fig. 11 . A voltage of 125 V is applied to two adjacent electrodes for one droplet and shifted sequentially at a frequency of 2 Hz. Six kinds of conveyer pads with and without hydrophobic coating and textured surface were prepared, as shown in Table 1 . The pattern of the texture is cylindrical bump of 100 µm in diameter and 50 µm in thick. PDMS pad with flat and textured surfaces are shown in Fig. 12 . The pad with textured surface exhibits higher contact angle. The experimental results show that the conveyor pads with flat surfaces are difficult to be transported because of large adhesion and friction between water and the conveyer pad. On the other hand, the textured conveyor pad with HIREC 1450 coating was apt to slip and the driving force was not sufficiently transferred. Thus, it was found that the textured surface with moderate contact angle is suitable for the surface of the conveyer pad. 
Conclusion
Behavior of liquid droplets actuated by EWOD on a single substrate was investigated using a high speed camera. Experimental results show that a liquid droplet is transported with elongation and shrinkage, and comes to equilibrium at midpoint between powered and grounded electrodes. Moving time for one step does not depend on applied voltage and switching frequency, and is proportional to the volume of the liquid. Elongation of the droplet during one step increases as the applied voltage increases. When the elongation is equal to the electrode pitch, dispersion of the moving distance is minimized. When the electrode pitch is 400 µm, optimal values of the volume of the droplet and applied voltage are 1.5 µl and 125 V, respectively. Furthermore, behavior of rotational conveyer system driven by three water droplets was also investigated. The conveyer pad requires textured and moderately hydrophobic surfaces where the contact angle of water is ranging from 120 to130 degrees to transfer the driving force efficiently.
